SUMMARY Calculation of carrier risk of an X linked disease may be performed on a small computer after DNA analysis, but a method for rapid hand estimation of the risk is still useful for a quick check of the results and weighing the relative importance of each element of information, such as the determination of a haplotype. Each risk estimation is a function of a prior risk and the product of likelihood ratios and these terms are derived themselves from parameters such as fitness or the relative mutation rate in male and female gametes. Even if it is often difficult to have strong experimental estimation of these variables, the existence of a normal father or grandfather must be considered whenever male fitness is not null. The likelihood ratio for a woman for not being a carrier, when her father is not affected and her mother has herself a likelihood R for not having the mutated gene, may be expressed as the ratio 2R/ (CmR+ 1), with Cm being a function of male fitness and relative mutation rate. Cm represents the odds ratio for the mother of a carrier not to be a carrier, given that the father of the known carrier is not affected. This formula can be used recurrently and reduces to 2R/(R+1) in lethal X linked disease. When likelihood ratios are expressed as an algebraic function, maximum values are easily determined, hence fixing the limits of DNA analysis.
In recent years at least four computer programs have been introduced which can provide a genetic risk figure combining pedigree information, carrier detection tests, and DNA analysis." These com- putations are especially complex when the phase of the marker with the disease gene is unknown or flanking probes are used. Geneticists face one or other situation in most cases of X linked diseases and computer analysis of the data is the only sensible solution to the problem. However, there is still a requirement for hand calculation of pedigree data before DNA analysis to avoid molecular studies in families where potential carriers have a very low risk, or to determine in others those persons who need further study. Most of the parameters needed for computation are derived from experimental data, and relative mutation rates in male and female gametes, male fitness, and quantitative carrier detection tests are only estimates, so it may be wise to use only simple calculations. There may also be a special role for hand computing as a rough estimation of the risk to check the computed result rapidly: the computer program is assumed to be right but it may be fed Received for publication 10 August 1987. Revised version accepted for publication 25 November 1987. with incorrect data. This work will be limited to X linked diseases.
What is the shortest way to the risk figure?
The risk is often expressed using the odds ratio for the disease, which is more easily comprehended by relatives of the patient. The most simple expression of a Bayesian calculation is:
Posterior odds=(prior odds)x(likelihood ratios). If we have two or more independent elements of information, the computed likelihood ratio is the product of likelihood ratios for each element. Working with odds ratios has the double advantage of a concise and widely understood figure of risk estimation.6 There is, however, a serious drawback in the genetic context: each time we jump from one generation to the next or to the previous one, the probability is simply multiplied by a factor such as O*5, while this is not possible for odds ratios. The relation between odds ratios and probability is usually written as: odds= probability formula is not convenient since it gives an expression such as 0*11:1, where 1:9 would be expected. It is more simple to write: d= =odds for not being Probability of being a carner a carrier+ 1. If, for example, p=0027 then d=(1/p)=37 and the odds are 36:1. In the clinical context, any geneticist arriving at a probability figure of 0-027 for being a carrier would be liable to convert it to a ratio of two integers, such as 1/37. If we are dealing with the inverse of the probability we may take advantage of a simple formula expressing the relation between the risk of a daughter (1/dD) and the risk of her mother (1/dM):
RD is the likehood ratio for the daughter for not being a carrier; the latter relation is just a way of expressing the risk of the daughter as Pr(daughter is a carrier if mother is a carrier)xPr(mother is a carrier), assuming that only one mutation has occurred in the pedigree. The former factor is derived from the relation between odds and probability: 1/Pr(D carrier if M carrier)=(prior odds)x (likelihood ratio)+ 1 = (likelihood ratio)+ 1. The existence of a healthy son is an element of information which may be represented by the ratio of two probabilities. Such a likelihood ratio may be defined as being higher than the unit for each situation where the probability of having the mutated gene is lower. The notation of this section is derived from the modernisation of the classical usage8 introduced by Edwards.9 If the X linked disease has a ratio of mutation in male to female gametes of k, and the fitness of affected males is f, the odds for a mother of an affected child not being a carrier are:
Prior odds= kf k+l+f Table 1 shows the values of this factor as a function of fitness of male hemizygotes and the relative mutation rate. The phenotype of the father of the person seeking advice is usually known and, with this knowledge, the expression of the prior probability is more complex, when the disease is not lethal. We may define one more likelihood ratio (Af) which may be used together with the general relation.
A, 1 Probability that the father of a known carrier is unaffected. If q stands for the frequency of affected males, h being the proportion of heterozygotes and u the mutation rate at oogenesis, we have: 
The concern with easy calculation also resulted in the choice of likelihood ratio of not being a carrier as a way of including pedigree data in the computation. The relative weight of each piece of information may be easily compared: 2 for each healthy son, 1-6 for a daughter with two normal sons, 1P78 for three unaffected brothers. The relations between likelihood ratios of a mother and daugher are easily remembered as they have the same expression when fitness of male hemizygotes is null: 2R/(R+ 1).
Where the mutation is less severe and affected males reproduce, the general expression for the likelihood of being a healthy homozygote when the mother has a likelihood R is 2R/(Cm R+ 1), given that the father of the consultand is known to have a normal phenotype. The values of Cm and the odds for the mother of an isolated case being a healthy homozygote may be either calculated from the estimations of k and f, or obtained from tables 1 and 3. Fitness of male carriers and relative mutation rates may thus be used as parameters, but these variables are obtained from experimental data and may not be known with certainty when the disease is not lethal.
Since different mutations lead to distinct phenotypes, neither their probability of occurrence nor the associated fitness are constant features, even if a few mutations are recurrent, as in haemophilia A. 14 Analysis of tables 1 to 3 shows that the probability of a mother of an isolated case being a carrier is strongly dependent on both parameters, while the probability that a mother of a carrier is herself a carrier, when the father of the carrier is unaffected, is dependent only on fitness. The problem of the relative mutation rate in male and female gametes may thus be ignored whenever the risk is calculated in one branch of a multicase pedigree.
Risk estimations after DNA analysis may not be very different in some families, but this should not prevent us from initiating molecular studies in most cases, though one should bear this fact in mind when requesting blood samples. Molecular analysis of the grandparents of affected children may also lead to fruitful epidemiological studies.15
